trations, however, increased the pf-PC EPSC (the delay In the cerebellar cortex, granule cell axons project in the onset of the IPSC was sufficient to see this ininto the molecular layer and form the parallel fibers that crease in three of four recordings; see below). The dimimake excitatory synapses with Purkinje, stellate, Golgi, nution of the IPSC by 50 nM domoate was not a result and basket cells (Palay and Chan-Palay, 1974). Granule of its algebraic addition with the enhanced EPSC; when cells express functional KARs during and after migration recorded at E EPSC , the IPSC was inhibited by domoate to the granule cell layer (Smith et al., 1999 ) and express to a similar degree ( Figure 1B , 38% Ϯ 6%, p ϭ 0.005, mRNA encoding the KAR subunits GluR5 (Q and R), n ϭ 6). These pf-PC IPSCs were completely blocked by GluR6 (Q and R), and KA2 Figure 1C ), indicating that the effects of domoate at these concentrations are limited to the excitatory inbe observed in the present conditions. Indicative of a presynaptic locus for this effect, the domoate-induced puts that drive the SCs.
To evaluate the effects of KAR activation on the monofacilitation was also associated with a change in pairedpulse ratio for the pf-PC EPSC ( Figure 2B , 7% Ϯ 2% synaptic pf-PC EPSC in the absence of inhibition, we tested KAR agonists on pf-PC EPSCs in the presence decrease, p ϭ 0.01, n ϭ 9). The GABA B antagonist CGP 55845A (10 M) had no effect on the pf-PC EPSC alone of picrotoxin (100 M). In keeping with the observations above, addition of kainate or domoate, at concentra-(n ϭ 5) nor did it alter the facilitation of the pf-PC EPSC by 50 nM domoate (37% Ϯ 3%, p ϭ 0.001, n ϭ 5). tions too low to activate a standing AMPAR-mediated current in these neurons (20 nM and 50 nM, respectively), produced reversible increases in the size of the Parallel Fiber-Evoked Glutamate Transporter Currents in PCs evoked pf-PC EPSC (Figure 2 ; 24% Ϯ 5% and 36% Ϯ 5%, p ϭ 0.03 and 0.001, n ϭ 5 and 9, respectively). This Recently, Schmitz et al. (Schmitz et al., 2001 ) reported that the effect of kainate at hippocampal mossy fiber effect apparently did not result from the recruitment of new fibers, as domoate did not alter the extracellular synapses is biphasic. Kainate, at 50 nM, facilitated the mossy fiber EPSC in CA3 pyramidal cells, whereas 500 fiber volley (5 nM domoate, 1% Ϯ 3% decrease, n ϭ 5; 50 nM domoate, 4% Ϯ 5% decrease, n ϭ 7; Figure 2C) ; nM kainate caused depression. Because 500 nM domoate activated large AMPAR/KAR currents in PCs and increasing extracellular K ϩ from 2.5 to 5.0 mM increased the fiber volley (16% Ϯ 10%; n ϭ 4), as seen in hippocambecause domoate theoretically could regulate release Figure 3D , 6% Ϯ 7%, p ϭ 0.04, n ϭ 6). In the presence of the KAR antagonist NBQX (5 M), however, the NMDAR-mediated pf-4% increase, p ϭ 0.7, n ϭ 4). As previously found at mossy fiber synapses (Schmitz et al., 2001 ), a higher SC EPSC was not affected by domoate ( Figure 4C ; 1% Ϯ 6%, p ϭ 0.8, n ϭ 3). No whole-cell current was activated concentration of domoate (500 nM) reversibly depressed the pf-PC STC ( Figure 3E , 31% Ϯ 6%, p ϭ by either domoate or kainate at these concentrations. changes in synaptic paired-pulse ratios discussed above, suggest that regulation of the synaptic responses by domoate occurred presynaptically.
Synaptically Released Glutamate Activates Presynaptic KARs
Are presynaptic KARs at parallel fiber synapses activated by synaptically released glutamate? NMDARmediated pf-SC EPSCs evoked with single stimuli were not affected by blocking KARs with NBQX (10 M; n ϭ 6; not illustrated; see Figure 7A ), indicating that ambient concentrations of glutamate are not high enough to cause discernable KAR activation. However, both pf- 
Neither Glutamate Transporters nor NMDARs Are Directly Altered by Domoate
To test whether domoate could interfere directly with moate (n ϭ 4; Figure 6B ). These results, along with the One measure that can be used to distinguish an effect mediated by ionotropic rather than metabotropic receppf-SC EPSCs (in 100 M GYKI 53655) were inhibited by NBQX when stimulated at 10 and 20 Hz, whereas they tors is the speed with which an effect occurs. Using 100 Hz stimulation, both the facilitation of the pf-SC EPSC were facilitated by NBQX at 100 Hz ( Figures 7A and 7C Figures 7B and 7C) . We suggest that at low stimulus frequencies synaptically released depend on mGluR activity. In addition, the pf-PC STC evoked by 100 Hz stimulation is both facilitated by doglutamate activates presynaptic KARs to a degree similar to that of 5 nM domoate, whereas, at higher frequenmoate and depressed by NBQX, indicating that the range of potential regulation of parallel fiber release by cies, glutamate is elevated to a concentration functionally equivalent to 10-50 nM domoate. If the effect of KARs is large. NBQX in these experiments is through the same mechanism as that of domoate reported above, we would exDiscussion pect that, like domoate, NBQX would have no effect on extracellular fiber volleys elicited by trains of stimuli.
We report that activation of presynaptic kainate receptors can reversibly alter the strength of glutamatergic Indeed, fiber volleys stimulated at 100 Hz ( Figure 7D The difference in sensitivity of the two parallel fiber synapses could result from a higher KAR density at The difference in frequency-dependent KAR modulaKARs with low concentrations of kainate (20 nM) facilition of the two synapses provides a mechanism for matates release from hippocampal mossy fibers, whereas nipulating the output of the PC during parallel fiber actiactivation with higher concentrations (500 nM) devation. We show that synaptically released glutamate pressed transmission. This dose response range is simican activate presynaptic KARs at both synapses using lar to that which we find at pf-PC synapses. However, short trains of stimuli at 10-100 Hz. The effect of lowat pf-SC synapses, the biphasic dose response relationfrequency stimulation is to facilitate both synapses. ship is shifted to lower concentrations.
Higher frequency stimulation depresses SC excitation Four findings point to a presynaptic locus of KAR and facilitates PC excitation. As the activation of these regulation of both SC and PC synapses. First, pairedtwo synapses results in monosynaptic excitation and pulse facilitation at both synapses is altered by domoate. disynaptic inhibition of the PCs, their differential sensiSecond, in both cell types, postsynaptic responses meditivity to KAR activation will regulate the balance of paralated by two different receptors are similarly affected by lel fiber-derived excitatory and inhibitory input to PCs. KAR activation. Third, NMDAR currents in SCs and glu-KAR effects during high-frequency parallel fiber activity tamate transporter currents in PCs activated by exogewill result in fewer SCs reaching action potential threshnous applications of glutamate were not affected by old and less GABA release onto PCs, while direct excit-KAR activation. Fourth, at 50 nM, domoate did not actiatory drive to PCs is increased. These actions of KARs vate measurable conductances in either cell type. In add a distinct, frequency-dependent layer to the already addition, the KAR-mediated effects of domoate and complex relationship between parallel fiber-PC coustimulus trains were not affected by antagonists of metpling. abotropic glutamate receptors, adenosine receptors, or GABA B receptors, suggesting that presynaptic regula- 
